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Abstract
Absorption Spectroscopy has the potential to be an efficient and easy
alternative of the current method of analyzing Chlorophyll-a
concentrations in water. In this project several challenges are encountered
and some overcome in the development of a device that automatically
quantifies concentrations through absorbance spectra and can make a
difference between Chlorophyll-a and Phaeophytin. The market potential
of the product is analyzed and competition is critically assessed.
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Chapter1
Introduction
Algae are organisms that are of uttermost importance in almost all ecosys-
tems. These simple, small plants living in many green elements of nature
are crucial in providing oxygen to our climate. Almost all of them contain
Chlorophyll and are autotrophs: they produce energy-containing organic
molecules through photosynthesis. Therefore they are essential for het-
erotrophs, like us humans. For example, we use the energy produced by
algae to live and move. Or in technical terms we dissimilate the molecules
that have been assimilated by algae earlier to produce energy.
1.1 Photosynthesis
This seemingly magical process of creating energy for human beings is
done by one of the most famous processes of all time: photosynthesis. In
this synthesis the algae convert carbon dioxide and water into oxygen and
glucose. The chemical reaction is as following.
6CO2 + 6H2O
Light−−→ C6H12O6 + 6O2 (1.1)
This simplification of a much more complex reaction gives us an in-
sight in the process that occurs within algae. Because this project is about
the determination of the concentration of algae, we limit ourselves to the
study of algae in water.
If we dig into the photosynthesis in algae we find that a very impor-
tant process happens in a specific part of the algae. This part is called the
chlorophyll, and it is a pigment that is recognizable by its green color [2].
This large molecule absorbs the light at specific wavelengths. There are
differences between the different kind of chlorophyll pigments, but mostly
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Figure 1.1: Simplified figure of the process of photosynthesis in water. Water,
carbon dioxide and energy from sunlight are converted into sugar (glucose) and
oxygen. [1]
it absorbs light in the red and blue spectrum and it reflects the light in the
green spectrum. This naturally gives it its green color.
As mentioned earlier, there are several kinds of chlorophyll. All these
different kinds have one thing in common: they have a ’Magnesium Lig-
and’ [3]. Full understanding requires advanced knowledge of chemistry,
but I will try to clarify it as much as possible. All these chlorophylls have
an organic ring at the end of the atomic chain which can hold a metal. For
chlorophylls this metal is magnesium. Magnesium is crucial for success-
ful photosynthesis, but not essential [4]. When the magnesium is deficit in
the molecule, the chlorophyll has degraded to phaeophytin. With phaeo-
phytin photosynthesis can still occur, but at a much lower rate. Phaeo-
phytin absorbs less light and therefore adds less energy to the reaction.
Magnesium ions distinct the chlorophyll from being phaeophytin.
2
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Figure 1.2: Absorption spectra of Chl-a
and Chl-b. Chl-a shows a sharp, narrow
peak around 675nm which can be useful.
Although there are more than
five types of chlorophyll, two are
the most important: chlorophyll-a
and chlorophyll-b. Their absorp-
tion spectrum shows similarities
but also some essential differences.
Chlorophyll-b has its absorption
peaks at wavelengths which over-
lap at absorption peaks of other
molecules which are found fre-
quently in ditch water [5]. Further-
more chlorophyll-a is more widely
distributed in lakes and ditches.
This research will focus solely on
chlorophyll-a, and for the sake of
simplicity I will from now on ab-
breviate it to Chl-a.
1.2 Water Quality
We are interested in this process of photosynthesis occurring partly in Chl-
a because it can give us an insight in a very important indicator of the
biomass of algae. Chl-a in water is found in all living vegetation, such
as the plants at the soil or the algae floating through the ditches. With
knowledge of these indicators we can determine the health of the micro-
ecosystem in the water. It can give us an insight in the carbon and nitro-
gen cycle of the water. it gives us knowledge of mostly the carbon cycle,
as bacteria degrade the organic compounds of dead fish into inorganic
molecules. The plants and algae convert it to organic food for the fish.
For example, if the measurement of the amount of Chl-a shows a de-
cline in algae the system can be disrupted by a lack of bacteria. An increase
of Chl-a can be explained by an increase in inorganic material, thus by an
increase in bacteria. More causes and consequences can be related to or
found by a change in the algae biomass. It is evidently very important to
frequently measure the algae biomass and Chl-a concentration in water if
you are interested in its quality. A deviation too large can disrupt its whole
ecosystem and can take years to be properly restored.
Because of the importance for countries to keep their waters monitored
and regulated the European Commission constituted the European Com-
mission Water Framework Directive [6]. In this article the European Com-
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mission stated a long-term project to ensure proper water quality for all
countries of the EU. Not only a roadmap with objectives is extensively de-
scribed, but also specific types of measurements needed to monitor the
water and quantify the progress that is being made. This can exist of mea-
suring ’Thermal conditions’, ’Oxygenation conditions’, ’Nutrient condi-
tions’ or ’Acidifaction status’. But also the biological, hydromorphologi-
cal and physico-chemical status has to be monitored. Measuring Chl-a is
therefore an important part in gaining these results.
So the EU requires the supervision of water quality from its member
states. That means the countries are responsible to properly execute these
demands. In the Netherlands this responsibility is in the hands of the
Water Boards. These governmental bodies are composed by the States-
Provincial, a parliament chosen to be responsible for regional matters.
There are 22 Water Boards in the Netherlands, which work together re-
ciprocally and with independent laboratories. These laboratories, one I
visited for my research, perform the measurements and produce a quality
report for the Water Boards.
Figure 1.3: Peter Kool of the Waterproef Foundation. This foundation performs
sampling and monitoring of water quality for two Dutch Water Boards. In the
figure Peter Kool is taking a water sample of which he will measure nutrients,
oxygenation and Chl-a. Picture is taken by the author with approval of Peter
Kool.
4
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1.3 Current Method of Chl-a measurements
Currently all the laboratories working for the Water Boards use the same
method of monitoring Chl-a. This method, which can undoubtedly be
named a classic by now, has been drawn up in 1982 by the Dutch Instute
For Normalisition (abbreviated to NEN, from NEderlandse Norm). NEN
is a non-profit organization which tries to bring companies and institu-
tions together to find consensus about normalization [7]. Water Boards
and laboratories value NEN standards and methods because NEN ensures
that the results from these methods are accepted by the European Com-
mission. As longs as NEN supports a method, for example the NEN:6520
for Chl-a measurements dating from 1982 [8], it will be the standard for
the whole industry.
Amendments have been made to this standard, the latest being in 2011.
These amendments slightly improve the method, but offer of course no
substantial change. As the document is classified, no detailed description
will take place. The method will briefly be described below:
Sampling −→ Extraction −→ MeasuringExtinction −→ Calculation (1.2)
The water sample is obtained by the executive sampler and taken to
the lab. There it has to be filtered, mixed, warmed, cooled and finally
measured and calculated. This process has some significant downsides:
• The process takes a lot of time
• The required technical devices are expensive
• The method has a high uncertainty due to mostly the filtration
• The method has to be performed in a lab and cannot be performed
in situ
• Below a concentration of 5µg/L it can’t specify the concentration
Enough reasons to research the possibilities of improving this method!
1.4 Industry
”Opportunities are like sunrises. If you wait too long, you miss them.”
— William Arthur Ward
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So if the current method has these easily recognizable flaws, there should
have been people or companies who saw this, found an opportunity and
created a solution. Why is everybody still using this old technique from
the 80’s? Surely there must be an easier, cheaper and better way!
To understand this we have to understand the industry, the compa-
nies and what drives them. Because most of these companies and insti-
tutions are government-regulated and contain no internal motive to inno-
vate. There is no drive in the process to change the system, as the sys-
tem works perfectly fine. The EU requires monitoring of water, the Water
Boards pay the laboratories which use the technique of NEN. The laborato-
ries do not care about the cost and time required, the NEN is only here for
communications and normalization and the Water Boards are funded by
taxes. Innovation should either come from the Water Boards, who are not
research based, or from an external organ. A commercial oriented com-
pany or an University would be sensible then.
But for either of these two there will be many rules to obey and obsta-
cles to overcome. The industry is slightly reluctant to change and change
has to be coordinated precisely with NEN. New standards have to fullfil
all requirements by the EU and Dutch regulations. Most importantly, the
technique requires to be written down in a normative way and, if adopted
by NEN, will reveal any otherwise patentable methods. For companies
it will be hard to make a solid profitable business plan if every step and
every detail has to be written down for a NEN standard. Only Univer-
sities, which have less of a profit objective, remain in building a replace-
ment method. But for Universities the project might not be as interesting
as other projects because of the multidisciplinary approach it requires and
the absence of fundamental science. Nonetheless projects are running and
for the NEN 6520 standard its reign of 36 years might come to an end.
1.5 A new approach
One of the current innovations that can replace the NEN standard which
are being tested at the moment is with a Fluoroprobe [9]. Quite an expen-
sive product, but high-tech and very precise. It does in vivo measurements
with fluorescence spectroscopy. Calibrated to directly calculate Chl-a on
the spot it uses LED lights to excite the electrons in the Chl-a molecule on
one side. On the other side there is spectrofluorometer. Based on the inten-
sity of the fluorescence at specific wavelengths it can measure the biomass
of different algae classes. This is possible because each different algae class
has a different fluorescence spectrum: a different fingerprint. These added
6
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up give the total concentration of Chl-a.
This technique has a lot of advantages over the NEN method. It does
not prove much cheaper, but it has a terrific precision and is extremely
fast to use. It has a range from 0µg/L Chl-a to 200µg/L. The resolution is
0.01µg/L Chl-a. Why is this not a NEN norm? Because it is a commercial
product that isn’t open source. The technique can’t be written down in a
normative way.
This project will therefore be about a device that solves these problems.
It uses simple techniques, like absorption spectroscopy instead of fluores-
cence spectroscopy and will be open-source and cheap, light weighted and
easy to use. All required parts must be available for everyone and the
method should allow to be written down in a normative way. The most
important aspect is however that it can improve the uncertainties of the
NEN 6520 norm, which lay between 27% and 46% [5, 8].
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Chapter2
Theory
2.1 Absorption
The main physical phenomenon of this project is the absorption of light
through matter. For the device we are trying to build its goal is to mea-
sure the phenomena that happen inside the ditch water. One of the major
elements we have to discuss is the excitation of atoms with the energy of
light. Becuase we try to keep the device as simple as possible, we focus
solely on absorption spectroscopy, not on fluorescence spectroscopy.
2.1.1 Excitation
To understand this we have to look at the Bohr model of atoms [10]. This
model, which requires some amendments to describe nature precisely but
is accurate enough for this case, quantifies the states of the electrons cir-
cling around the proton [11]. When light travels through these atoms the
electron states can excite. They can absorb the energy of the photon to
change to a different energy state Because the states are quantified, this
excitation only happens at specific wavelengths. In this simple case of
a hydrogen atom the energy is roughly determined by the famous for-
mula [12]
E =
−13.6
n2
eV (2.1)
For light that propagates through a hydrogen atom and excites that atom
from state one to three the energy required will therefore be:
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Edi f f =
13.6
12
− 13.6
32
= 12.09eV (2.2)
The photon has to have this amount of energy, and its energy is related
to its wavelength by the equation E = hv, with h being Planck’s constant
and v the frequency of the lightwave. Calculating this gives us a frequency
of 2.923 ∗ 1015Hz and a wavelength of λ = 102.56nm. This is one of the
Lyman lines
Figure 2.1: Bohr model of a hydrogen atom. The energies of the electrons cir-
cling around the core are quantified but still have wave characteristics. n=1 is the
ground state with the lowest possible energy. n=2 and n=3 are higher states of
energy [11].
Although the Bohr model is an extreme simplification and only has an
acceptable precision for single electron atoms, it gives us an insight in the
main theorem of electron states. In more complex systems electric and
magnetic field can cause differences in energy states, as well as surround-
ing molecules and temperature and pressure.
What is done with the energy after excitation of the atoms is of no in-
terest in absorption spectroscopy. It can be diffused as energy or it can fall
back to a lower energy state [10]. This phenomenon is called fluorescence
and is essential in fluorescence spectroscopy.
10
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2.1.2 Absorbance
To measure the amount of chlorophyll that gets excited by light (where-
after it normally uses this excitation to fuel photosynthesis, but that is of
no importance now), we analyze the absorbance, which is defined, with
Φie being the radiant flux transmitted and Φte the radiant flux received by the
material, as [13]
A = log10
(
Φie
Φte
)
= − log10 T (2.3)
Before we analyze this equation it is important to mention the differ-
ence between absorption and absorbance. Absorption is the physical phe-
nomenon described earlier where atoms absorb light to excite atoms. Ab-
sorbance is a chemical, dimensionless number that indicates the amount of
light attenuated. This is mostly due to absorption, but can also be caused
by scattering or reflection. To understand this better let’s look at the for-
mula for light intensity
I = I0e−(αa+αs)d (2.4)
αa is the attenuation constant due to absorption and αs due to scatter-
ing. d is the path length through the sample. This is also known as the
Beer-Lambert law. With this formula it should be easy to calculate the ab-
sorbance of light through a sample containing Chl-a. For this we should
only know the path length and the attenuation constants. For now we
won’t take scattering into account, as it will be discussed later on. If we
look only at absorption we can use Thijs de Buck his method to calculate
absorbance [5]
T =
Sλ − Dλ
Rλ − Dλ (2.5)
A = − ln(T) = − ln
(
Sλ − Dλ
Rλ − Dλ
)
(2.6)
In this case A is the Absorbance, T the Transmission, Sλ the measured in-
tensity, Dλ the measured dark intensity and Rλ the measured reference
intensity at wavelength λ. With this method, simply a more practical way
of writing equation 2.4, the calculation of absorbance becomes easy, al-
though not as precise when scattering is taken into account.
To get from this point to a concentration of Chl-a we take a small step,
but one that is crucial and very actually very difficult. There are multi-
ple ways to reach a concentration, and neither of them is better or worse.
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By the law of Beer-Lambert we know for example that the amount of ab-
sorbance is linearly dependent on the path length, and on the attenuation
coefficient. Hence we can find and attenuation coefficient by using refer-
ence measurements of known concentrations of Chl-a [14].
Figure 2.2: Graph of the different molar extinction coefficients of Chl-a at dif-
ferent wavelengths. The peaks around 430nm and 675 are because of the same
absorption that occurs at figure 1.2 [14]. The 675nm peak gives Chl-a its green
color.
The tricky part here is that the attenuation coefficient of Chl-a is not
always the same. It can depend, just as the energy states of electrons in
Chl-a molecules, on multiple factors. This is a minor flaw in the absorp-
tion spectroscopy technique, as it is hard to have reference data that has
the same influencing properties as the samples in ditches. For finding the
concentration of Chl-a based on absorption we use the following formula
c =
A
αad
(2.7)
According to this equation, an absorbance for example of 0.2 at wave-
length λ = 665.55 and attenuation coefficient αa = 84365cm−1/M and
a path length of d = 20cm gives a concentration of 1.19 ∗ 10−7M which
equals 105.9µg/L.
12
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Although the result looks nice and promising, it is a simplistic theo-
retical approach of a much more complex situation. In practice the atten-
uation coefficient has a high uncertainty rate as mentioned and the peak
of absorbance can shift multiple nanometers because of external factors in
the water.
2.2 Scattering
A second influential factor in determining the absorption based on the ab-
sorbance is scattering. Light propagating through any medium is subject
to scattering. I will shortly discuss the most common method of deter-
mining scattering, which is used for scattering of particles smaller than a
wavelength: Rayleigh scattering [12]. Eugene Hecht described this in Optics
(Hecht, 2014) as
A photon is absorbed, and without delay another photon of the
same frequency (and wavelength) is emitted; the light is
elastically scattered. The molecules are randomly oriented, and
photons scatter out every which way.
The intensity of this scattering of a single atom is proportional to the
attenuation coefficient and the refraction index defined by the following
relations [10]
I1 ≈ αsN (2.8)
n− 1 = λ
2
2pi
√
αsN (2.9)
with n being the refraction index and N the amount of atoms in the
substance. From here one we would like to find a quantative description
of the influence of scattering on the measured absorbance. To do this we
write down equation 2.8 in terms of polarizability
Is = I0
8pi4Nα2
2R2
(1+ cos2 θ) (2.10)
Writing this in an integral form will give [15]
Is = I0
8pi4Nα2
2λ4
∫∫
(1+ cos2 θ)
R2
dR dθ (2.11)
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With R being the distance from the scatterer and N the amount of scat-
terers. This integral can however not provide us with a good assumption
of the amount of scattering. It is a too simple assumption of a complex phe-
nomenon and too many variables are not taken into account. We therefore
can better zoom out and look at a consequence of scattering: refraction.
2.3 Refraction
Refraction happens at the place where light travels from one medium to
another. The amount of scattering of light changes and as a result re-
flection and refraction take place. It is easily calculated by a simple for-
mula. This formula, first described by the Persian mathematician Ibn Sahl
in Baghdad, but mathematically written down and made famous by the
Dutch Willebrord Snellius [16], is:
sin θ1
sin θ2
=
n2
n1
(2.12)
With the subscripts one and two being the two media, θ the measured
angles on the boundary from the norm and n the refractive index. In the
case of our setup, as will be described later on, it will look something like
this
Figure 2.3: Simplified drawing of refraction in setup. Source emits light at the
bottom left through the air. At x it reaches the aquarium side and refraction takes
place. It then travels a distance q through the aquarium to reach the barrier at
y. Normally it would refract out of the aquarium to pass a bit through the air
before it reaches the spectrometer. But if we take this distance and add it up to
p, whe simplify the equation without changing the outcome. Therefore p is the
distance between the lightsource and the aquarium with the distance between the
aquarium and the spectrometer added.
From our set-up we know some values: p equals 2.5 centimeters on
both sides, and q is 19.2 centimeters. We know the slit entrance of the
14
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spectrometer is 50 µm, so x + y = 2.5 ∗ 10−5m as we only take one half of
the opening in this calculation. We know n1 = 1 and n2 = 1.33.
We would like to know the angles a1 and a2. Let’s call them θ1 and θ2.
From trigonometry we know they are defined by
tan θ1 =
x
p
(2.13)
tan θ2 =
y
q
(2.14)
Filling in the variables and rewriting for x + y = 2.5 ∗ 10−5 we get
0.05 tan(θ1) + 0.192 tan(θ2) = 2.5 ∗ 10−5 (2.15)
If we want to insert Snell’s law here to find a relation between θ1 and
θ2 the calculation gets unsolvable. We therefore have to use a Maclaurin
expansion, which is ratified because we are working with numbers ap-
proximately equal to zero. We assume
sin(x) ≈ x (2.16)
tan(x) ≈ x (2.17)
That will make Snell’s law θ1 = 1.33θ2, and equation 2.15 will become
0.05θ1 + 0.192 ∗ 3θ14 = 2.5 ∗ 10
−5 (2.18)
Solving gives θ1 ≈ 1.289 ∗ 10−4 rad and θ2 ≈ 9.665 ∗ 10−5 rad. When
we use no aquarium and there is no refraction in the path of light, the
angle would be
θ = arctan
(
2.5 ∗ 10−5
0.05+ 0.192
)
≈ 1.033 ∗ 10−4rad (2.19)
This means the angle in which the source emits light that reaches our
spectrometer is larger when we use a refractive medium like water. More
light will reach our spectrometer and the insensity will also be higher. This
we can also see in our results. Accordingly the total intensity of measured
light would be 1.2891.033 ≈ 1.248 times higher.
Version of May 27, 2018– Created May 27, 2018 - 19:57
15
16 Theory
Figure 2.4: Influence of putting a filled aquarium between the light source and
the spectrometer. Not only does it receive more light, the intensity of the peak is
also more focused between 600 and 700 nanometer. This is due to the thick body
of water which causes the source to appear closer to the spectrometer.
2.4 Chlorophyll and Phaeophytin
Before I will explain my method and results, I consider it necessary to
stress a few things on the difference between chlorophyll and phaeophytin.
These two molecules are almost similar, but their differences are very im-
portant. I have already discussed this shortly in the introduction but I will
do so more explicitly now.
As seen in figure 2.5 the step from Chlorophyll to Phaeophytin is a
very simple one. It is conducted by adding an acid to the solution with
Chlorophyll-a, for example HCl. The reaction will then be
Mg2+ + 2HCl −→ MgCl2 + H2 (2.20)
16
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This reaction has a significant impact on the algae. Phaeophytin also
plays an import role in photosynthesis. Whereas Chl-a acts as the absorber
of the photons, and therefore as the provider of the energy, phaeophytin
acts as an electron carrier. Both play an important role in photosynthesis,
and photosynthesis can’t be done without them.
A more important factor for us is that phaeophytin still absorbs light
around the same wavelengths at Chl-a. An advantage is however that
phaeophytin does this 1.7 times less [17]. So for example, when a con-
centration x of Chl-a gives an asborbance of 0.2, the same concentration
Phaeophytin, which can be established by acidification, would give an ab-
sorbance of 0.2/1.7 ≈ 0.12. If another concentration where the distribu-
tion of Chl-a and phaeophytin is unknown and its absorbance is 0.3 before
acidification and 0.2 after, we have
x + y = 0.3
x
1.7
+ y = 0.2
(2.21)
With x being the absorbance due to Chl-a and y due to phaeophytin. So
x = 1.77 ≈ 0.243. That means 0.243 of the absorbance before acidification is
due to Chl-a and 0.057 is due to Phaeophytin.
Figure 2.5: Figure that illustrates the demetallation of Chlorophyll. With the addi-
tion of an acid the Magnesium ion gets removed. Note that not the full molecules
of Chlorophyll and Phaeophytin are presented here, only the relevant parts. [18]
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Chapter3
Method
3.1 Determination of Chlorophyll-a
The main goal of this project is to find an accurate way of determining
Chlorophyll-a. This is done in two steps: Determining the absorbance
and determining a concentration from the absorbance. Both of them are
described accurately in the thesis of Thijs de Buck. I will shortly describe
them and the changes I have made. I will however not digress too much
and remain at the core of the method.
3.1.1 Transmission and Absorbance
The absorbance is calculated in a few different steps. We first calculate
the transmission for all wavelengths. We will need the following three
variables:
• Spectrum of sample solution Sλ
• Spectrum of reference solution Rλ
• Spectrum of dark measurement Dλ
With these three measurable variables we can calculate the Transmis-
sion with
T =
Sλ − Dλ
Rλ − Dλ (3.1)
From the transmission the calculation of the absorbance is as follows:
A = − ln(T) (3.2)
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Figure 3.1: Absorption spectrum of Mineral water relative to demiwater. The
minerals in the water slightly absorb more light at certain wavelengths, which ex-
plains the peaks in the spectrum. Lower than 400 nanometer there is more noise.
This is explained by the lower intensity of the light source at this wavelength.
The question is however how we can determine which part of the ab-
sorbance spectrum is because of the Chl-a. For this we need a polyno-
mial fit around the expected Chl-a peak, so we can make an assumption
what the absorbance spectrum would look like in case there was no Chl-a
present. This is necessary because many different substances in ditches
and lakes also absorb light. Without Chl-a the absorbance around 675nm
will not be entirely zero, as is seen in figure 3.1 for example. If we then also
fit the peak that will arise in the absorbance spectrum from the Chl-a, we
can subtract the value of the fit without the peak at the x-value where Chl-a
has its maximum from the value of the fit with the peak at its maximum.
This way we can reach a proper assumption of the amount of absorbance
that is due to Chl-a (and phaeophytin combined, still!).
20
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3.1.2 Chlorophyll-a
I have updated the MATLAB code of Thijs de Buck to create an easy us-
able program that instantly calculates the concentration Chl-a in water. It
can be found in Appendix A.1. After the determination of the amount of
absorbance that is due to Chl-a, we need to change this to a concentration.
This is done with an extended version of equation 3.3, which is
concentration[Chl − a] = A
αad
∗m ∗ 106 (3.3)
With m being the molar mass. This way the concentration will be in
µg/L instead of in molarity. As said earlier the hard part here is determin-
ing a proper attenuation coefficient αa. Thijs de Buck used his results from
the 36 ditches he measured, and the reference results he received which
were done by the NEN standard, and used the method of least squares to
find a most suitable attenuation coefficient. Although this is a good way
of finetuning and calibrating your results, it is practically cheating. In the
field, when no reference data is available, a calibrated and theoretically
substantiated constant should be used.
Throughout my project I have used different coefficients. That were
most often coefficients that were theoretically most suitable for the situa-
tion I was measuring in. In the future an algorithm should be made, which
can measure the required influential factors, like temperature and pres-
sure, to tune the results. This is something I have not done yet, and for my
results I will mostly have used the constant αa = 112945.2cm−1/M [14].
3.2 Lab setup
In my project I have wanted to improve the lab setup to build the compact
device Thijs de Buck designed together with de Fine Mechanical Services
of the University of Leiden. However this seemed too optimistic to exe-
cute at the moment, so I tried to build an intermediate step, which would
require less elaboration, which would require a lot of time. This I will
discuss in the next section.
For the first lab setup I rebuild Thijs de Buck his setup and improved
some things. The setup basically consists of three main components.
• Light source
• Water container or aquarium
• Spectrometer
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Figure 3.2: Schematic drawing of the setup. Drawing made by Thijs de Buck [5]
HL2000-LL [19]
Source Tungsten Halogen
Wavelength range 260 -2400 nm
Stability 0.5%
Power Consumption 1.0A @ 12VDC
Bulb life time 10.000h
Color temperature 2800K
Output 7W
Output connector SMA 905
The setup used looks
like figure 3.4, and fig-
ure 3.2 is a schematic draw-
ing of the setup. First a
simple halogen light source
was used of 35W and 370
lumen. Although sufficient
for this setup, a bundled
light source with the possi-
bility to connect to a fiber
could be necessary later on
in the project. Therefore a different light source was bought, from Ocean
Optics [19]. This source has the ability to bundle light into an optic fiber,
which can be really useful in the future device, as will be discussed in
chapter 3.3.
STS-VIS [20]
Wavelength range 350 - 800nm
Integration Time 10µ s - 10s
Detector ELIS1024 CMOS
signal-to-noise ratio >1500:1
Slit size 50 µ m
Optical resolution 3.0nm
Power 5V
Connector SMA 905
The aquarium is made of
glass and has dimensions of
19.2 centimeter by 5.2 centime-
ter. The glass is necessary be-
cause Hydrochloric acid has to
be contained. Measurements
were done over the longer
axis, but could be done over
the shorter axis if the constant
would be adjusted in the cal-
culations.
For the spectrometer I used
the Ocean Optics STS-VIS spectrometer. It is small and portable but quite
expensive. Further on in the development of the product a cheaper spec-
trometer can be used, but for now this one works excellent. I control this
device via the SpectraSuite program. All measurements are done with
High Speed Acquisition. In a few seconds 100 measurements are done
22
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Figure 3.3: Picture of the first setup, a reconstruction of Thijs de Buck his lab
setup. A halogen desk lamp was used as the professional light source wasn’t
delivered yet.
quickly after each other. As the spectrometer has 1024 pixels, a 1025 x 101
array is created where each x:y input equals an intensity and two axis are
created. As can be seen in appendix A.1, the average of these 100 measure-
ments is taken and used for further calculations.
3.3 Future devices
During this project I have worked on an upgrade of the setup to improve
the ease of use of the device. Currently a sample has to be taken from a
ditch or lake and taken to the lab. Eventually an apparatus has to be devel-
oped that can perform in situ (on the spot) or in vivo (in the water) mea-
surements. Thijs de Buck was working on a product that can be held en-
tirely under water, whereas the computer, spectrometer, light source and
power supply has to fit in a box. This would be a great finalization of
the product, but it is too ambitious to develop when the technique is not
finished yet.
That is why I, in collaboration with Michiel de Dood, decided to make a
step in between, which would enable us to measure in vivo the absorbance
spectrum without having to take a sample. The concept is basically to
have a stick, or an aluminum beam, with two collimators on it attached.
The collimators have to be outlined so one can be connected to the light
source, and one to the spectrometer. With a fiber optic the light can be
transferred from the collimators to the device. This way only the stick,
collimators and a part of the fibers have to be waterproof.
Version of May 27, 2018– Created May 27, 2018 - 19:57
23
24 Method
Figure 3.4: Picture of the final lab setup. The desk lamp has made way for a more
bundled light source, which eventually can connect with a fibre. The aquarium is
now also adjustable in height.
What is needed outside the water is the light source, the spectrometer,
a mini computer (Raspberry Pi) and a power source. Because the light
source requires 12V and the spectrometer and Raspberry Pi 5V, the source
has to be able to deliver both. Therefore I will use a ’Einhell CC-JS 12’
powerbank, which has a 3x 3700 mAh battery and a 5V, 12V and 19V out-
put [21].
The problem is however that the parts used underwater are not wa-
terproof. Collimators are not made for this, and water and dirt can come
between the glasses. The fibers are also not waterproof. A solution by
making adjustments to every part, for example to cover leaking parts with
extra glasses, will not suffice if the device has to be durable. The colli-
mators and fiber-to-lenses connections are especially critical. Only a full
casing of the underwater part will suffice.
A second problem is the inability to do HCl acidification with this
method. We definitely cannot put HCl in ditches and lakes as it would dis-
rupt the ecology extremely. A solution for this might also solve our first
problem. This can be done by not putting our collimators under water,
but by pumping a sample from the water to an aquarium or water basin.
In this basin we can do the regular measurements and the measurements
after acidification. This is however left for future research.
24
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(a) Two collimators on a carriage con-
nected to an aluminum beam. The back
of the collimators have a SMA 905 con-
nection, the same as the spectrometer
and light source.
(b) The collimators are connected to the
beam via small carriage. The can be
aligned in two dimensions and they can
slide on the rail to increase or lower path
length.
Figure 3.5
3.4 HCl measurements
For the measurements with HCl I was not allowed to perform the labwork
myself, because I do not have lab experience. Therefore I was linked by the
CML (Centrum voor Milieuwetenschappen) of the Leiden University to a
trainee from the Leiden University of Applied Sciences, Justin Knetsch.
Together we tried to measure the difference in absorbance when HCl is
added to a Chl-a concentration. The full method is presented in Appendix
A.2 in Dutch.
The objective consisted of two goals:
• Determining an attenuation coefficient of Chl-a from measurements
with a known concentration (Stock sample)
• Empirically proving that absorbance does decrease 1.7 times when
Chl- is degraded tot Phaeophytin
The first is done by taking absorbances of multiple different concentra-
tions of Chl-a, and fitting a linear line through these absorbances. This is
done by rewriting formula 3.3 to
αa =
A ∗m ∗ 106
c ∗ d (3.4)
To increase precision we can better use the slope of the fit through the
data points. We can calculate te attenuation coefficient with
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Figure 3.6: Drawing of the setup. The (1) are the two collimators inserted in the
carriages which are sliding on the beam. (2) is the halogen light source, (3) is the
spectrometer, (4) is the raspberry Pi which is connected to (2) and (3) and the (5)
are the optical fibers. The power source is left out in this drawing.
αa = β
(
m ∗ 106
d
)
(3.5)
With β being the slope of the linear fit through the data, with absorbance
on the y-axis and concentration Chl-a in µg/L on the x-axis.
The second part is easily done by comparing the two absorbances be-
fore and after acidification. If the spectrum shows a decline in absorbance
of 1.7 times, the acidification has been fulfilled and all Chl-a has degraded
to phaeophytin.
The Chl-a needed for this experiment is bought at Sigma-Aldrich. It
is extracted from spinach leaves and is shipped in dry ice. It comes in a
Styrofoam box that needs to be stored at -20 Celsius. Inside the box there
is a small glass that contains one grain of Chl-a: exactly one milligram.
This has to be mixed with a solution that is 90% aceton and 10% demiwa-
ter. This solution has a density of 0.8108µg/L. This means that when, for
example, we need to extract 50µg/L Chl-a of a solution of 1 mg Chl-a in
50 gram 90/10 aceton-demi solution, we should obtain 2.5 grams of the
solutions or 3.0832 mL.
26
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Figure 3.7: Picture of the lab in the Sylvius building where the HCl measurements
were performed.
Figure 3.8: Picture of the lab in the Sylvius building where the HCl measurements
were performed.
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Results
4.1 Living Lab and Huygens
The first measurements were done around the Huygens Laboratorium of
the Leiden University. There, a sample was taken from the ditches which
was taken to the lab to investigate. One of the results is shown in figure 4.1.
The spectrum clearly slows a slight increase in absorbance around 675nm.
It is now obvious that when we take the total absorbance at 675nm we
would get a totally different result, as a lot of absorbance takes place due
to particles and obstruction of light in the water. In this case the wave-
length of the maximum absorbance here from Chl-a is at 675.59nm. At
this x-value we subtract the fit value from the absorbance value and get an
absorbance of 0.0145. Filling this in formula 3.3 we get a concentration of
5.99± 0.0586µg/L.
This same experiment is done in the Living Lab in ditch 35. As seen
in figure 4.3, two measurements were done. The first measurement was
as quickly as possible after taking the sample, and the second one a while
after that. This was done so the small critters and other junk would fall
to the bottom. As seen this did make a difference. The first measure-
ment was less sharp and gave a lower peak than the second. But if we
look closely, we can see there is a problem at the wavelength these peaks
are. According to data measurement 1 has a peak at 679.45nm and mea-
surement 2 at 681.34nm. The corresponding concentrations of Chl-a are
4.34± 0.2386µg/L for measurement 1 and 5.0183± 0.6814µg/L for mea-
surement 2. We can therefore be sure these peaks in absorbance are not
due to absorption by Chl-a. A part can be, but we cannot know for sure
which part.
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Figure 4.1: Absorbance spectrum with fits of a measurement done in a ditch near
the Huygens. The black line is the absorbance spectrum, the green line indicates
the fit around the peak at 675nm. The blue line indicates where the highest ab-
sorption takes place and red indicates the height of the absorbance that is due to
Chl-a and Phaeophytin.
4.2 Waterproef
Through contact with the NEN I was able to speak with Waterproef. When
visiting Waterproef we had a discussion about the possibilities of chang-
ing the NEN standard and the requirements for a device that will mea-
sure Chl-a. This will be discussed more thoroughly in section 4.4. After
showing me the lab where the Chl-a measurements according to standard
NEN:6520, they also showed me the fluoroprobe. This device can measure
Chl-a concentrations through fluorescense spectroscopy with a range from
0 - 200 µg/L at a resolution of 0.01 µg/L. Quite some competition.
We made an appointment so I could join and work with one of their
field workers for a day, Peter Kool. As they were not doing many Chl-a
measurements in winter due to the absence of algae, it was hard to find
a day. But on December 13th I could join Peter. Peter does field work for
Waterproef everyday, as a few more employees of Waterproof do too. Dur-
ing these days he does measurements at multiple locations, up to 20 or 30
a day. Measurements of Chl-a happen mostly in summertime, but other
30
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Figure 4.2: Graph of the two fits that were done over the absorbance. The ab-
sorbance was calculated by subtracting the fit around the peaks from the ab-
sorbance of the peaks. The peak in measurement 2, the right graph, is very bad
and shows little resemblance. Some negative absorbance can also be seen. This
can be due to the emission of light at that wavelength by fluorescence for example
which will result in a higher intensity
measurements have to be carried out each month. For example, Peter does
measurements of visibility under water, temperature, oxygenation, nutri-
ents, and much more. Some are done in vivo or in situ, some are done in
the lab.
Figure 4.4: Photo of Pe-
ter Kool taking a water
sample out of the lake.
At three spots we did Chl-a measurements,
where he took a sample of one liter to bring back
to the lab. I, as my device described in section 3.3
wasn’t finished yet, also took samples to bring to
my own lab at the Huygens laboratorium. Two
of these three samples were done in lakes that
were adjacent to each other in an area that was
under development. Formerly a gunpowder fac-
tory, now it is under construction to become a res-
idential area. The lakes, or more ponds, were un-
touched and could contain some Chl-a accorid-
ing to Peter. These measurements received num-
bers 517076 and 517077. The third measurements,
number 517075 was performed in neighbouring
ditch, which, according to Peter, had a smaller
chance of containing Chl-a.
After a few days I received the results of Wa-
terproef and compared theirs to mine. When Waterproef measures values
below 5 µg/L, they are obliged by NEN:6520 to define them as <5 µg/L
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Figure 4.3: Graph of the two fits on the absorbance of the Living Lab ditches that
is due to Chl-a and Phaeophytin. Measurement 1 is performed before measure-
ment 2, and is shown to have a higher and smaller peak.
Number My results WP report WP Chl-a WP Phaeo
517075 0.5834 ± 0.2045 <5 1.11 2.77
517076 5.2916 ± 0.1234 <5 1.23 2.65
517077 5.0548 ± 0.1848 <5 0.37 2.22
Table 4.1: Results of the Waterpoef measurements. WP stands for Waterproef
and Phaeo for Phaeophytin. All results are in µg/L and the Waterproef results
are determined by standard NEN:6520
because its uncertainty is too high. As all three were defined this way, I
was sent the original results, which are shown in table 4.1. Unfortunately
these results do not add up. Where number 517075 and 517076 are al-
most the same at the Waterproef measurements, mine differ about a factor
9. Luckily Waterproef is also testing the fluoroprobe at the moment, the
samples I compared were also tested by the fluoroprobe. These results are
shown in table 4.2. These results are very interesting, as they have more
resemblance to my results than to those via the NEN:6520 standard. I will
research this further in the discussion.
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Chemical Number 517075 Number 517076 Number 517077 Unit
Diatoms 1.8 15.1 12.3 µg/L
Cyanobacteria <0.5 <0.5 <0.5 µg/L
Cryptophytes <0.5 <0.5 <0.5 µg/L
Green algae 2.2 9.4 10.3 µg/L
Biovolume <0.1 <0.1 <0.1 mm3/L
Humus 5.0 5.2 5.2
Total algae 4.1 24.5 22.7 µg/L
Table 4.2: Values measured by the Fluoroprobe of Waterproef. Note the axis have
swapped compared to table 4.1
4.3 Acidification measurements
The measurements for the acidification of Chl-a with HCl to degrade it
were done in the Sylvius Laboratory, where the Biology labs are situated
for the Leiden University. According to appendix A.2 the measurements
were done. First we measure the spectrum withouth acidification and, af-
ter addition of HCl and waiting at least five minutes, we measured the
spectrum again. When our first measurement was done, of 100µg/L Chl-
a, it was already noticeable that something was odd. Therefore a second
measurement of 100µg/L Chl-a was done before continuing. The second
one gave a higher Absorbance and is used in the acidification measure-
ments.
Before we move on we can already state that the peaks are relatively
low. If we use the attenuation coefficient we used in the Waterproef mea-
surements we find a concentration of 34.95 ± 0.4341µg/L Chl-a for the
highest peak, that of 100µg/L. If we change the attenuation coefficient to
39463.36, it will give a result of 100µg/L. This will however prove also to
be very inaccurate, as the stock sample of 50µg/L measurement gives a
result of 30.65± 0.44µg/L.
So is there no measurable correlation between these first measurements?
There is a correlation between three of them. If we take the first 100µg/L
measurement and calibrate the attenuation coefficient on this measure-
ment (a value of 22989.27), two other make sense: the stock sample of
50µg/L gives a result of 52.6131± 0.75µg/L and the stock sample of 25µg/L
gives a result of 26.06± 0.42µg/L. Or, when we calibrate on the stock sam-
ple of 50µg/L (24199.23), the stock sample of 25µg/L gives a concentration
of 24.75± 0.40µg/L.
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Figure 4.5: Measured absorbances of Chl-a stock samples. The negative ab-
sorbance can be because of the emission of light from fluorescence. Because the
peak is measured relative to the fit around the peak, this has no effect on the
results.
I think we can undoubtedly state that the results in figure 4.6 show not
enough correlation to state that we measure a 1.7 times lower concentra-
tion due to Chl-a degradation to Phaeophytin. Furhter analysis will be
discussed in chapter 5.
4.4 NEN, Astroplant, ESA and Water Boards
As this project is more than a scientific quest to build a properly work-
ing device, a section about the progression that has been made on an en-
trepreneurial level doesn’t seem to be out of place. During the project I
have visited multiple institutions and attended several meetings. I shall
shortly describe my findings and the conclusions I have.
34
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Figure 4.6: Absorbance peaks around 675nm. After acidification the Chl-a should
be degraded to Phaeophytin and the absorbance should be 1.7 times lower, or 57.8
% of the pure Chl-a sample. From left to right the percentages are 76.8%, 151.5%,
129.4% and 70.6%.
4.4.1 NEN
At the NEN I spoke with the current and future Consultant Society & En-
vironment. A part of their job is the management and communication
between labs, Water Boards and the government and EU. They have an
enormous network that can provide knowledge on the subject and intro-
duce the project to relevant institutions. As they were in a transferal of
the job and rebuilding their office it was quite chaotic, but they told me the
requirements an alternative for the NEN:6520 standard should have if it
were to be seriously considered.
• Reproducibility: The device should give approximately the same re-
sult of the same sample over and over again.
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• Certainty in measurement: The device should have a maximum stan-
dard deviation and a not too high uncertainty percentage. As the
current NEN standard has a 27% to 46% uncertainty percentage this
is certainly achievable.
• Robustness: As the device is used every day in different water through-
out the whole summer and parts of the winter, the device has to be
waterproof, firm, stainless and not fragile.
• Price: In principle the NEN doesn’t care about price, as they only set
up standards for others to use. They labs and Water Boards do care
about the price, so a too high price isn’t favorable for NEN as they
can get a quarrel with the Boards that the standards are expensive.
This will only be when the price rises to tenths of thousands of euros.
• Normative way of describing: the NEN has to create a manual for in-
stitutions to follow. Therefore knowledge is rather public and mak-
ing money out of it isn’t in te picture.
Altogether NEN does not really care about improvements. They want
standards to suffice to the EU norm and if a better option gets on their
path, they can adopt but they don’t crave for innovation
4.4.2 Astroplant & ESA
I attended an ’Innovation Exchange’ between the startup Astroplant and
the European Space Agency in Noordwijk, at ESTEC. Astroplant is a com-
pany that uses citizen science to obtain information and knowledge about
space farming.
In Citizen Science non professional civilians participate in a project
that cumulatively contributes to the pool of knowledge. With big data
and easy-to-do measurements insight can be created in otherwise difficult
parts of science. Astroplant tries to do this by letting high schools and
interested individuals do small projects with single plants. These plants
have multiple sensors which indicates its state. Schools can let children
follow the growth and life of these plants for education, where Astroplant
uses the data generated to obtain knowledge about the possibility of mak-
ing the plant self-sufficient. Eventually the knowledge is useful for ESA,
as they desire to cultivate Mars or exoplanets. They work together in this
project to stimulate innovation.
Chl-a in the water or the Chl-a on the leaves is an important indica-
tor of the health of the plant. I introduced my device to Astroplant as I
36
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Figure 4.7: Prototype of the box that Astroplant made. Research can be done on
the plant inside and the box contains measurement tools to monitor the plant.
Figure taken from www.Astroplant.io
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thought it would be interesting for them to look into this technology. With
adjustments the device might be able to determine Chl-a concentrations
or biomass in leaves instead of in water. They are however currently not
interested, as the method requires the acquisition of a spectrometer. This
is too expensive for schools to buy as a part of the kit. On short terms this
was out of reach. On the long term they are interested, as a spectrometer
can be used for different measurements as well. Besides the minicomputer
and light source are already included in the kit, so it wouldn’t take in much
more space.
4.4.3 Water Boards and laboratories
The institutions in charge and executing the Chl-a measurements benefit
the most from an improvement in the technology. When I visited Wa-
terproef, one of the executing laboratories, they told me they were even
interested in funding the project if it showed potential. They execute Chl-
a measurements according to the 1982 NEN:6520 standard every day, so
every small improvement can save them lots of time and money. They are
however dependent on NEN, so an extensive collaboration between the
two would be necessary.
38
Version of May 27, 2018– Created May 27, 2018 - 19:57
Chapter5
Discussion
5.1 Waterproef Results
The results of the Waterproef section do not show to be very promising.
Comparing the results of my spectrometer to those of the NEN show little
similarity. I confronted Waterproef with these differences in results and
they weren’t as surprised as I am. What they said is that the NEN results
are unreliable at low concentrations. That is not peculiar, taking into ac-
count that at low concentrations (but above 5µg/L) the uncertainty can be
up to 46%. Who knows what the uncertainty is at 1.23µg/L or 0.37µg/L.
According to Waterproef their NEN:6520 results often show very dif-
ferent results to that of the fluoroprobe. The fluoroprobe, which claims to
have a very high precision, shows on these results more similarity to my
results than to those of the NEN:6520. In the results Waterproef gave me
the fluoroprobe had no statements about the concentration Chl-a. It did
however on the total concentration on algae. If we assume these are in re-
lation to each other, we can lay them next to each other and compare. This
is done in table 5.1.
What is very odd is that according to the NEN:6520 method the amount
of total Chl-a plus phaeophytin is exactly the same in place 517075 and
517076, although these are two different locations. Could be coincidence,
but the fluoroprobe measurement shows very different results between
the two. The fluoroprobe has a high accuracy, however still unproven.
Therefore we cannot conclude that one of the two is better than the other.
If we look at the locations where the measurements were done, intu-
itively we would conclude measurement 516076 and 517077 should be al-
most the same. They were done in two small lakes or ponds adjacent to
each other. It is plausible to think the Chl-a concentrations and total al-
Version of May 27, 2018– Created May 27, 2018 - 19:57
39
40 Discussion
Number Spectrometer Fluoroprobe NEN:6520
517075 1:1 1:1 1:1
517076 9.07:1 5.98:1 1:1
517077 8.66:1 5.54:1 0.67:1
Table 5.1: Ratio of results between samples, where the first sample is taken as
reference. The results of the Spectrometer and NEN:6520 are the total Chl-a and
Phaeophytin concentrations. For the Fluoroprobe the total concentration of algae
is taken.
gae would be the same here. But conclusions should not be drawn too
quickly. What is also a possibility is that the two lakes contain the same
amount of biological garbage which is measured as Chl-a concentration
by the spectrometer. Then the Chl-a measured by NEN:6520 can be ap-
proximately correct and the fluoroprobe and spectrometer measurements
are both influenced by non-interesting junk in the water.
It should also be noted that the ratios of the spectrometer do not mean
a lot. It is nice as an indicator, but the Chl-a and Phaeophytin measured in
sample number 517075 was too low, so a peak is measured at a wavelength
of 680.96 nanometer. Therefore we can be certain the result is imprecise,
and the concentration is too low for this device to measure.
Altogether I agree with the conclusion of Waterproef: the concentra-
tions are too low to accurately measure the differences and which one is
better than the other. The following step would be a new measurement
in the spring when the leaves are back and the Chl- in water is thriving
again.
5.2 Acidification remarks
That the results are controversial and that no rushed conclusions should
be made based on the results of the acidification of Chl-a needs no expla-
nation. It is nevertheless very useful to discuss the possible factors that
have corrupted the measurements and to look at improvements for new
research. In each subsection I will shortly discuss the possibility that this
factor influenced the results and in what range the sloppiness would have
effect.
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5.2.1 Clumsiness
The most plausible cause of the incoherent results is that during the prepa-
ration of the sample some Chl-a was lost. I was not allowed to perform
these measurements myself because I have had no lab training to work
with hydrochloric acids. The preparation of Chl-a by making an 90-10
aceton-demi solution was done by a trainee of the Biology institute of the
University. As I was responsible for the measurements I have failed here
in making a clear manual of steps of preparation.
When you order Chl-a it comes in one grain, one milligram, in a mi-
nuscule bottle which has to be stored in a freezer at -20 Celsius. Obviously
this has to be dealt with with enormous precision and craftsmanship. The
trainee stated during the process that there was no Chl-a in the bottle.
Then he performed some sloppy tries to locate the Chl-a, even by empty-
ing the bottle upside down. This could have influenced the concentration
hugely. In the future, when this experiment will be redone, a professional
should be at hand who can accurately create the Chl-a 90-10 aceton-demi
solution. A loss of 1µg can already influence the results tremendously, as
we are dealing with high concentrated materials.
Another cause of insecure results could be our lack of high precision
pipettes for large volumes. The Chl-a aceton-demi concentrations we were
able to extract with enough precision, but the aquarium had to be filled
for example in the first measurement with 496.917mL. This can only be
done with a high precision scale, which we did not have at hand. This
imprecision would not influence the results as much as the sloppiness in
Chl-a treatment, but might also have effect.
5.2.2 Absorption influencers
As we use a relative spectrum to calibrate our absorbance to, other factors
still might have an influence on the absorbance besides Chl-a. Minerals in
the tap water would not, as they are taken into account in the reference
spectrum in our calculations, so we have to look at what we add after
taking the reference spectrum. That is acetone, demiwater and HCl.
Acetone is the largest present concentration after the reference spec-
trum is taken. In the measurement of a stock sample of 100µg/L the
amount of acetone is 2.77mL. This is 0.55% of the volume and does not
look like much. But Chl-a takes in approximately 0.01% of the total mass
and has a great impact on the spectrum. But, luckily, when we look at
the spectrum of acetone we see that it has its absorption peaks at different
wavelengths. Around 675nm, where we measure our absorbance, acetone
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does not absorb light. Therefore it can’t have influenced our results.
Figure 5.1: Wavelengths at which ace-
tone absorps light. The y-axis shows log-
arithm epsilon, which is comparable to
our attentuation coefficient. [22]
Demiwater comes in a 9 times
smaller volume than acetone in
our solution. Its volume percent-
age is 0.061% of the volume and,
as it consist of water without min-
erals, should not effect the results
much. In a test measurement I did
for Astroplant we can see the in-
fluence of mineral water, bought
in a grocery store, relative to demi-
water. The results are shown in
figure 5.2 and the minerals are
shown in table 5.2. here are peaks
which are probably due to miner-
als, but they are not high and show
no significant impact on the Chl-a
concentrations. Take in mind that
the Absorbance of figure 5.2 is of 100% mineral water relative to 100%
demiwater. In our case we research the influence of 0.061% demiwater on
our spectrum. We can easily conclude the demiwater has no significant
influence.
Finally we investigate the influence of Hydrochloric Acid on our spec-
trum. Luckily the absorption of light by Hydrogen or Chloride is not in
the UV/VIS spectrum we measure in [23]. As the absorption mostly takes
place at higher wavelengths, in the thousands of nanometers, it does not
effect our measurement on 675nm for Chl-a.
Minerals Concentration in mg/L
Dry residue 260
Calcium (Ca) 59.4
Bicarbonate (HCO3) 284
Magnesium (Mg) 25.6
Sulfate (SO4) 21.3
Sodium (Na) 5.1
Chloride (Cl) 7.4
Potassium (K) 1.1
Fluoride (F) <0.2
Table 5.2: Minerals present in the mineral water of figure ??. Concentrations are
taken from the label on the bottle.
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Figure 5.2: Absorbance spectrum of mineral water relative to demiwater. The
peaks are clear but there is no significant absorption measured. Same as figure 3.1
5.2.3 Acidification consequences & relaxation
The required amount of HCl to react with Chl-a is very low. We know the
Magnesium ion in Chl-a reacts with Chloride ions. A sample calculation
can find our required mass of HCl.
We know Chl-a has a molar mass of 893.49 g/mol. That means 50µg
Chl-a = 5.60 ∗ 10−8 mol Chl-a. We need twice the amount of HCl, which
will be 1.12 ∗ 10−7 mol HCl. Hydrogen Chloride has a molar mass of 36.46
g/mol. That means we need 4.08 ∗ 10−6 gram of HCl.
When we add this to our solution, we make sure we add too much
HCl. As we saw in the previous subsection it does not make a noticeable
difference to our absorbance spectrum, so we better make sure we insert
enough HCl to react with the Chl-a. After the addition we have waited
five minutes each time. This might have been too short for the Chl-a to
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fully degrade to Phaeophytin. Literature about this is difficult to find, but
it is not unreasonable to think five minutes is too slow. This can be an
explanation for the insufficient collapse of absorbance after acidification.
It can however not be an explanation for the increase in absorbance after
acidification.
Relaxation can be an explanation for this. Although the Chl-a is added
some time before the measurements, it might be a possibility that when
the acidified measurements take place the Chl-a has been smoothly dis-
tributed, and before that it is clustered in a part outside the path of light
that is measured. Therefore the concentration increases tremendously when
measuring acidification, although it is a consequence of proper distribu-
tion instead of degradation of Chl-a.
5.2.4 Light
Chl-a is very sensitive to light. Light can turn the Chl-a on and make it
work. This means the Photosynthesis takes place and Chl-a burns and
degrades to Phaeophytin. It is therefore necessary to keep as much light
away as possible during the measurements. It is impossible to have no
light present, as measurements are also done with light. But, as Thijs de
Buck also mentioned in his thesis [5], it has some influence. This can how-
ever have not a big enough impact on the measurements to disrupt it like
it has done, but it is still a thing to take into account when redoing the
measurements.
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Project Sequel
As the reader may have noticed when reading this thesis, much has been
tried to improve the technology and most of these attempts have failed.
Luckily failed measurements give insights too and things can be learned
when analyzing this essay. If the project may have a successor, there are
two major things that have to be focused on and those two I will shortly
digress on. Of course these are not the only things that can be improved.
As this project requires progression on scientific elements but also on en-
trepreneurial parts a combination of those two is required. That is why
on one side the project is not fit for University bachelor students, as they
work on this as part of their curriculum which should mostly be scientific.
On the other hand a university student with entrepreneurial talents has
the right skill set to give the project a boost. It is therefore the choice of the
mentor to decide whether it fits in the requirements the university has set
for students.
Furthermore the project is extremely interdisciplinary. Absorption is
a physical phenomenon but is also commonly researched and used in
chemistry, where they use absorbances for many things. The goal of this
project, to analyze Chl-a and determine algae concentrations is of course
biological, and all the work put into this project will eventually be use-
ful for mostly biologists. The entrepreneurial skill required to promote,
sell and exploit the product or device lies more in the gamma section of
knowledge. This makes the project harder to develop in an undergrad-
uate university environment, as interdisciplinary undergraduate studies
are scarce.
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6.1 Measurements & Attenuation coefficient
Doing more measurements might be the essential part in making this project
a success. All institutions I visited recalled that data, loads of data, is
needed to ensure the product works and to prove functionality. Water-
proef is an excellent institution that is very interested in products like this
one and is willing to aid in its development. They can provide NEN:6520
results that can be used in the comparison of data. But Waterproef is re-
sponsible for just a minuscule part of land that uses the NEN:6520 stan-
dard to measure Chl-a. Contact with more Water Boards and Laboratories
can provide knowledge and reference results that are required to boast this
product to a higher level. In spring Waterproef already invited me to do
more measurements, and a potential successor should definitely make use
of this opportunity.
The Acidification measurements went horribly wrong and need to be
done again. Haste and imprecision were vital in the ruining of useful data.
The measurements, if done again, require precision on every part of the re-
search and need professional and experienced hands. Especially the Chl-a
grain, which is extremely expensive and can easily be overseen or clumsily
dealt with, should be handled with care. I hope the following researcher
finds the discussion useful, as I tried to describe what went wrong as ac-
curately as possible.
A final pivot in the theory behind the calculations of a Chl-a concentra-
tion is the attenuation or extinction coefficient. This coefficient is crucial in
the calculation but is just as hard to define as it is important. The problem
is that it is very dependent on external factors. Literature gives precise def-
initions on the coefficient at certain wavelengths, but these are also based
on specific circumstances. Most of them are measured in the lab, where
they control the temperature, pressure, light or molecules in the sample.
Ultimately a successor would write an algorithm and insert it in the MAT-
LAB code that calibrates this coefficient based on the environment. This
requires on the other hand the addition of extra measurement tools like
a thermometer. Another possibility is doing loads of measurements of
known concentrations, and adapting the attenuation coefficient to best fit
these results. This is technically also what Thijs de Buck did in his Living
Lab measurement [5], as he used the method of least squares to determine
an attenuation coefficient that best fitted the known concentrations.
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6.2 Communication, Marketing & Development
So what if the technology and theory behind the device is sufficient enough
to improve the current standards and what if all technical requirements of
the NEN, Water Boards and laboratories are met. Then the entrepreneurial
part starts, which might turn out to be more difficult than expected.
First let us look at the market and the sector were in. Because we are
in governmental grounds innovation is not going very quick. Many rel-
evant institutions prefer stability and habituation over the cheapest and
best product. They certainly are not in innovation themselves but only
adopt. Of course a better product would not be discarded as ’too much
trouble’, and if it is proven to be significantly better nobody would stop it.
The requirements for this are high however and because of the importance
of the job (regulation and preservation of nature) it has to be solid, really
solid, in every aspect before it is even considered.
Besides the complexity of the market there is also quite some competi-
tion. The fluoroprobe for example is in a much further development and
already tested multiple times at laboratories. In table 6.1 the differences
are stated, and the fluoroprobe is currently at the winning hand. With
a nicely determined range and resolution the approximately ten times
higher price is not that big of a deal compared to the current requirements
for the NEN:6520 standard. The fluoroprobe also has the advantage of
having a company behind it with knowledge and funds. Improvements
and adaptations can come much quicker that way.
Specification Spectrometer Fluoroprobe [9]
Principle Absorption spectroscopy Spectral fluorometry
Range Broad but undetermined 0-200 µg/L Chl-a
Resolution 0.5% - 2.5% margin oferror 0.01 µg/L Chl-a
Measurands Chl-a
Chl-a, green algae
cyanobacteria, diatoms
cryptophytes, yellow substances
depth, temperature
Weight 1 to 2 kg 6.4 kg
Method In situ In vivo
Price max of e2.000,- ≈ e21.300,-
Table 6.1: Comparison of the spectrometer with the fluoroprobe used by Water-
proef
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Even in Absorption Spectroscopy devices have already been devel-
oped. The Dutch company Eijkelkamp has a UV/VIS spectrometer in
sales that continuously measures certain parameters that are an indica-
tor for water quality, like CZV, BZV, TOC, UV254 and NO3 [24]. Strangely
this device doesn’t measure Chl-a concentrations. In my view there can be
to reasons for it:
• Eijkelkamp does not have the knowledge to accurately perform mea-
surements on Chl-a concentrations
• Eijkelkamp is convinced that Absorption Spectroscopy is not the so-
lution to cheap and precise Chl-a measurements (Eijkelkamp also
sells the Fluoroprobe)
Based on the wide knowledge Eijkelkamp has, the second is explana-
tion is more plausible. They measure this however with a xenon light
pulse and the absorbance spectrum between 200 - 350nm. It measures
organic compounds, and mostly not specific molecules but total concen-
trations of organic material. Therefore the second reason might be true as
well. When I spoke on the phone to one associate of Eijkelkamp, they said
they had done quite some research on this last year, but were not doing it
anymore. Either they have found it and are in development, or they have
given up.
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Chapter7
Conclusion
Because of the different nature of this project relative to regular bachelor
projects, I feel it is necessary to differentiate in my conclusion. I will make
a distinction between the scientific parts, the research on the techniques I
did, and the entrepreneurial parts: the opportunities of this product.
7.1 Scientific
Little conclusions can be drawn as not enough data is acquired. Although
progress has been made, not enough data is acquired to state a certainty
that the device does exactly what it needs to do. It still has a lot of po-
tential as the HCl addition can strongly increase precision and reference
data might help calibrating the attenuation coefficient. Yet there is much
to do. The main strengths lie in the easiness of the apparatus, the price,
the speed and the portability. It flaws are however in the precision, re-
peatability, distinctions between Chl-a and phaeophytin and fluctuations
in attenuation coefficient. These can be improved by future research and
upgrades of the method, but require someone to put time and effort in the
project. Conclusively I would say the project shows great potential in pos-
sible improvements and can really become a useful device when another
student continues the development.
7.2 Entrepreneurial
On the entrepreneurial side I am less positive. I believe the market is diffi-
cult to penetrate with innovations and requires broad knowledge of local
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regulations to international EU obligations. Someone really has to put ef-
fort in this to build a network here, which can shift the focus away from
improvements on the device. Therefore a team of two might be required:
one expert on entrepreneurship and one expert in science. A team like this
can adapt quickly on newly found requirements and has one foot into the
knowledge of sciences and one in the knowledge of entrepreneurship.
Even then however there is fierce competition. The fluoroprobe is al-
ready fully developed and is being tested by institutions as we speak. That
our device can improve on the NEN:6520 standard might be true, but can
it improve on the fluoroprobe? Probably not. It strengths should then be
in price, portability and size. But in this market those factors are much
less important than range, resolution, repeatability and reproducability. I
can therefore only conclude that a continuation of this project has a high
chance of not becoming an useful spending of time, as spectral fluorom-
etry currently shows much more potential in being the next method in
measuring Chl-a concentrations than Absorption Spectroscopy.
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Appendices
A.1 Matlab Code
1 (∗ : : Package : : ∗ )
2
3 prompt= ’Which array do you want to analyze : ’ ;
4 sample=input ( prompt , ’ s ’ ) ;
5 samplebestand= s t r c a t ( sample , ’ . t x t ’ ) ;
6
7 prompt= ’What i s the name of the r e f e r e n c e measurement :
’ ;
8 r e f =input ( prompt , ’ s ’ ) ;
9 r e f e r e n c e = s t r c a t ( re f , ’ . t x t ’ ) ;
10
11 prompt= ’What i s the name of the dark measurement : ’ ;
12 dark=input ( prompt , ’ s ’ ) ;
13 darkspec= s t r c a t ( dark , ’ . t x t ’ ) ;
14
15 TT=r e a d t a b l e ( samplebestand ) ; % Temptable sample
16 TA= t a b l e 2 a r r a y (TT) ; % Temparray sample
17 aantalmetingen= s i z e (TA, 2 ) −1;
18 sampleavg=mean(TA ( : , 2 : aantalmetingen +1) , 2 ) ;
19 x=TA ( : , 1 ) ;
20
21 TT=r e a d t a b l e ( r e f e r e n c e ) ; % Temptable r e f e r e n c e
22 TA= t a b l e 2 a r r a y (TT) ; % Temparray r e f e r e n c e
23 refavg=mean(TA ( : , 2 : aantalmetingen +1) , 2 ) ;
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24
25 TT=r e a d t a b l e ( darkspec ) ; % Temptable dark
26 TA= t a b l e 2 a r r a y (TT) ; % Temparray dark
27 darkavg=mean(TA ( : , 2 : aantalmetingen +1) , 2 ) ;
28
29 Transmissie =( sampleavg−darkavg ) . / ( refavg−darkavg ) ; %
Transmissiespectrum
30 Absorptie=−log ( Transmissie ) ;
31
32 wl a =562; % wavelength 598 .97
33 wl b =646; % wavelength 639 .10
34 wl c =781; % wavelength 704 .19
35 wl d =832; % wavelength 728 .98
36 x f i t L =x ( wl a : wl b ) ; % f i t g o l f l e n g t e l i n k s van piek
37 x f i t R =x ( wl c : wl d ) ; % f i t g o l f l e n g t e r e c h t s van piek
38 x f i t =[ x f i t L ; x f i t R ] ; % f i t g o l f l e n g t e s rondom piek
39 A b s f i t =[ Absorptie ( wl a : wl b ) ; Absorptie ( wl c : wl d ) ] ; %
Absorptie van g o l f l e n g t e s rondom piek
40 [ f i t t , g]= p o l y f i t ( x f i t , Absf i t , 3 ) ; % f i t rondom piek
41 p= f i t t ( 1 ) ; q= f i t t ( 2 ) ; r= f i t t ( 3 ) ; s= f i t t ( 4 ) ; %
c o e f f i c i e n t e n van polynoom van f i t rondom piek
42 A f i t =s+x∗ r+x .∗ x∗q+x . ∗ x .∗ x∗p ; % F i t van a b s o r p t i e b i j
g o l f l e n g t e s x zonder piek
43
44 peakheight=Absorptie−A f i t ; % a b s o r p t i e t . o . v . f i t
rondom piek
45 wl e =667; % wavelength 649 .18
46 wl f =738; % wavelength 685 .31
47 wl g =752; % wavelength 690 .15
48 wl h =791; % wavelength 709 .04
49 xpeak =[ x ( wl e : wl f ) ; x ( wl g : wl h ) ] ; % x−waardes
waartussen piek g e f i t gaat worden
50 P f i t =[ peakheight ( wl e : wl f ) ; peakheight ( wl g : wl h ) ] ; %
dipwaardes tussen 649 .18 en 709 .04
51 [ p e a k h e i g h t f i t ]= f i t ( xpeak , P f i t , ’ gauss1 ’ ) ; %
Gaussische f i t van de piek
52 c i = c o n f i n t ( p e a k h e i g h t f i t , 0 . 9 5 ) ; % c o n f i d e n t i a l i t y
waardes van de f i t van de piek
53 xdipmax= p e a k h e i g h t f i t . b1 ; % x−waarde van het toppunt
van de piek
54 HP= p e a k h e i g h t f i t . a1 ; % Hoogte piek
56
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55
56 extcoe =112945 .25 ; % e x t i n c t i o n c o e f f i c i e n t in cmˆ−1/M
57 pathlength = 1 9 . 2 ; % pathlength in cent imeter
58 molmass = 8 9 3 . 5 1 ; % molair mass in g/mol
59 con =(HP. / ( extcoe ∗pathlength ) ) ∗molmass∗10ˆ6
60 conmin =( c i ( 1 , 1 ) . / ( extcoe ∗pathlength ) ) ∗molmass ∗1 0 ˆ 6 ;
61 conmax=( c i ( 2 , 1 ) . / ( extcoe ∗pathlength ) ) ∗molmass ∗1 0 ˆ 6 ;
62 conerror =(conmax−conmin ) ./2+g . normr/ s q r t ( g . df )
A.2 Testopzet
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Testopzet Chlorofyl-a met HCL meting 
 
Benodigdheden 
- Meetapparatuur voor Absorptiespectroscopiemetingen  
- 1 mg Chlorophyll-a (locatie: Gorlaeus GE2.06, vriezer 5, vak rechtsboven) 
- 50 gram 90/10 Aceton-demi 
= 45 gram aceton / = 57.398 mL aceton 
= 5 gram demiwater / = 5 mL demiwater 
- 0.01 mol HCL 
- Kraanwater 
- Pipetjes 
- Veiligheidsmateriaal 
Samenvatting onderzoek 
Ik wil zes ‘meetsessies’ doen. Per sessie meet ik het absorptiespectrum van de ongezuurde en 
aangezuurde chlorofyl-a. Dit doe ik bij concentraties van 100, 50, 25, 12.5, 6.25 en 3.125 ug/L.  
Stappenplan 
Referentiemeting 
- Bak vullen met kraanwater 
- Licht uitdoen 
- Darkmeting doen 
- Licht aan doen 
- Referentiemeting doen 
Monstermeting 2.0 
Deze meting 6x herhalen bij verschillende concentraties. 
- 1mg Chlorofyl-a mengen met 57.398mL aceton en 5mL demiwater 
x = concentratie van te meten Chl-a (100, 50 …. 3.125) 
xmassa = x/160 (massa v/d oplossing nodig voor meting x) 
xChl = x/8 (massa van Chl-a nodig voor meting x) 
V = x/129.728 (volume van Chl-a aceton-demi oplossing nodig voor meting van concentratie x) 
Vkraan = 125 – V (volume dat aquarium met kraanwater gevuld moet worden 
y = HCL 
- Aquarium vullen met ‘Vkraan’ kraanwater 
- ‘xChl’ pipetteren uit de oplossing (= ‘xmassa’ gram v/d oplossing en ‘V’ aan volume) en 
toevoegen aan het aquarium 
- Meting doen van ‘x’ ug/L ongezuurd Chl-a 
- HCL toevoegen aan aquarium 
- 5 minuten wachten 
- Meting doen van ‘x’ ug/L gezuurd Chl-a 
- Aquarium legen en reinigen 
